Duplex materials constituted by 0.50 mol titania-doped yttria-stabilized zirconia (YSZ) and 0.50 mol titaniadoped yttria-tetragonal zirconia polycrystalline (YTZP) solid solutions in the ZrO 2 -Y 2 O 3 -TiO 2 ternary system can be obtained using different processing strategies. In this study, different amounts of TiO 2 dopant and different sintering times have been used for the preparation of the duplex materials: Doping YSZ with 10 mol% of TiO 2 and sintering in air for 8 h (10Ti8h) and doping YSZ with 15 mol% of TiO 2 and sintering in air for 2 h (15Ti2h) are both successful routes to obtain duplex materials. If we compare the field emission scanning electron microscopy-energy dispersive x-ray analyses of each cubic and each tetragonal solid solution of the two duplex materials, we conclude that the composition of each phase is different from each other, as was expected. The total ionic conductivity of both duplex samples is strongly reduced with respect to that of YSZ, and this reduction increases with the Ti content. In addition, the activation energy for ionic migration in 10Ti8h and 15Ti2h is lower than that for YSZ but higher than that for YTZP, as expected in terms of the relative amount of both YSZ and YTZP fractions in the materials. X-ray absorption spectroscopy (XAS) results, both x-ray absorption near-edge structure and extended x-ray absorption fine structure, show that Ti is sixfold coordinated in both the cubic and tetragonal phases of the duplex materials, departing from the eightfold coordination expected if a simple substitution at the Zr sites would take place. The XAS results also point out that the ability of Ti to trap oxygen vacancies in the cubic phase increases as Ti content does, in agreement with the electrical conductivity behavior, which cannot be accounted for in terms of a dilution effect.
I. INTRODUCTION
Mixed conductors should be able to replace the current state-of-the-art anodes for solid oxide fuel cells (SOFCs). Both ionic and electronic defects are present in nonnegligible concentrations in mixed conductors, and their mobility is so significant that the electrode reaction can proceed at any point on the electrode surface. The usual requirement of a triplephase contact, where electrode, electrolyte, and gas phase are in contact, is replaced by a simple requirement of a two-phase boundary region between electrode (mixed conductor) and gas phase. It is expected that polarization losses associated with the current SOFC anodes would thus be minimized [1] .
Mixed conductors based on yttria-stabilized zirconia (YSZ) or yttria-tetragonal zirconia polycrystalline (YTZP) are usually obtained if a significant amount of a mixed valence dopant cation is introduced in solid solution. As is the case for YSZ (8 mol% Y 2 O 3 ), YTZP (3 mol% Y 2 O 3 ) is an oxygen ion conductor, but it was found that above 700°C, its conductivity was lower than in the cubic phase [2] . In contrast, YTZP material has shown to be a tougher material [3] . These two combined characteristics make Ti-doped YSZ/Ti-doped YTZP duplex materials a very attractive option for application in electrochemical devices, such as matrices in a SOFC anode. Moreover, the desired properties of these mixed ionic conductors depend on the concentration and local environment of mobile ionic species, i.e. the lattice-oxygen vacancies and vacancy complexes. In order to understand the physical properties of these materials such as diffusion and/or ionic conduction, knowledge of the local structure and short-range order becomes necessary [4] .
Most of the research efforts performed in the past have been mainly focused on the electrical properties of mixed conductors based on titania-doped yttria-stabilized zirconia and on the titania-doped yttria-tetragonal zirconia materials [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition, studies of the local environment of mobile ionic species, i.e. the lattice-oxygen vacancies and vacancy complexes, have been only performed for Tidoped YTZP materials [13] but not for Ti-doped YSZ or Ti-doped YTZP/Ti-doped YSZ duplex materials. Materials based on cubic zirconia have higher conductivity than that of Ti-doped YTZP materials at the operation temperature of a SOFC as was mentioned above, and for that reason they should be deeply studied from a structural point of view.
Previous x-ray absorption spectroscopy (XAS) studies, performed at the Ti K-edge in Ti-YTZP [13, 15] based on the fingerprint analysis of the x-ray absorption near-edge structure (XANES) part of the spectrum, suggested a fivefold coordination of the Ti ions and a subsequent loss of centrosymmetry in the Ti-YTZP tetragonal zirconia crystal lattice. Moreover, the analysis of the extended x-ray absorption fine structure (EXAFS) part of the absorption spectrum performed by Capel et al. [15] reported Ti-O distances significantly shorter than the main Zr-O ones, which implies an increase in the anisotropy of the tetragonal layer structure. In contrast, no similar study exists for the case of the Ti-doped YSZ solid solutions. Hence, the crystal chemistry of Ti ions, i.e. the site symmetry of the Ti ones in the cubic zirconia crystal lattice, as well as the location of the oxygen vacancies, has not been studied yet.
This paper is focused on the design of duplex materials constituted by Ti-doped YTZP/Ti-doped YSZ solid solutions. In order to obtain those duplex materials, different processing strategies, such as different amounts of TiO 2 doping and different sintering times, have been tested. The accurate determination of the local structural environment of Ti, obtained from XAS measurements at the Ti K-edge, makes possible the determination of the Ti coordination in the two lattices and the effect of the titanium cation on the mobile ionic species. The relationships between the total ionic conductivity of those duplex materials with the Ti-local structure and possible trapping of oxygen vacancies in both phases will be also discussed.
II. EXPERIMENTAL METHODS
Taking advantage of the fact that TiO 2 additions to YSZ cause not only the formation of a titania-doped YSZ solid solution but also a titania-doped YTZP solid solution [16] [17] [18] , titania doping is one of the strategies employed in this study for the synthesis of duplex materials. The use of different sintering times was also used as an additional variable.
Here , and titanium oxide powders (Merck, 808, Darmstadt, Germany). The particle size distribution was determined with a laser diffraction analyzer (Mastersizer S, Malvern, Worcerstershire, United Kingdom), and the specific surface area was measured by the N 2 adsorption method (Monosorb Surface Area Analyzer MS13, Quantachrome Co., FL, USA). The powder mixtures were submitted to attrition milling for 2 h, sieved (63 μm) and calcined at 800°C for 2 h and sieved again (63 μm). Finally, the powder was pressed isostatically at 200 MPa into bars which were cut into discs for their characterization.
The samples prepared from YSZ and TiO 2 were sintered in air at 1500°C for sintering times of 2, 4, 8, and 16 h (heating and cooling rate 5°C/min) in order to test the necessary processing conditions to obtain duplex materials. Samples are labeled YSZ, 10Ti2h, 10Ti4h, 10Ti8h, 10Ti16h, and 15Ti2h (see Table I ). The YTZP sample was sintered at 1400°C for 2 h in air (heating and cooling rate 5°C/min). The 2Y12T samples were sintered at 1500°C for 2 h (2Y12T2h) and 120 h (2Y12T120h) in air (heating rate 5°C/min) and quenched in air in order to avoid the tetragonal to monoclinic transformation. Here, YSZ and YTZP samples have been considered for comparison when an evaluation of the conductivity in air has been performed (ac study).
Final densities were measured by the Archimedes' immersion method in water.
X-ray diffraction (XRD) patterns of the samples were obtained using a Siemens D-5000 Diffractometer (Munich, Germany) and monochromated (λ = 1.5406) high-intensity Cu-Kα 1 radiation. The experimental diffraction patterns were collected at room temperature over a range of 20 ࣘ 2 ࣘ 100 (step-scanned at 1°/5 s). The XRD patterns obtained were analyzed using the diffraction files of Zr 0. 8 The phase distributions (in mol fraction) in the sintered materials were determined by the ratio [19] :
The experimental diffraction patterns for the phase distribution calculations were collected at room temperature over a range of 71 ࣘ 2 ࣘ 75 (step-scanned at 0.025°/20 s). Furthermore, phase identification was also performed by Fourier transform (FT)-Raman spectroscopy using a Bruker FT 100/S spectrometer (Karlsruhe, Germany) with the neodymium-doped yttrium aluminum garnet laser excitation (1064 nm) and a spectral resolution of 2 cm −1 . The microstructure of the sintered samples was analyzed on polished (down to 1 μm) and thermally etched surfaces (1490°C for 6 min, heating and cooling rates of 10°C/min) by means of field-emission scanning electron microscopy-energy dispersive x-ray (FE-SEM-EDX) analyses (Hitachi S-4700 type I, Tokyo, Japan).
Samples prepared as pellets of 0.8-cm diameter and 0.2-cm thickness, were electroded with platinum high-conductivity paste (Engelhard 6082, USA) on both sample surfaces. Electrochemical impedance spectroscopy analyses were performed in air. The impedance analyzer used was a HP 4192A (Palo Alto, CA, USA) in the frequency range of 10 to 10 7 Hz. X-ray absorption spectroscopy data were collected at the Ti K-edge (4966 eV), Y K-edge (17 038 eV), and Zr K-edge (17 998 eV) at the Versatile X-ray Absorption Spectroscopy Beamline, I20, at Diamond Light Source. The synchrotron was operating at a ring current of 300 mA in top-up mode. The measurements were performed at room temperature in fluorescence mode using a 64-element monolithic germanium detector. An ion chamber filled with the appropriate mixture of gases to absorb 20% of the radiation was placed before the sample and used as an incident beam monitor. Harmonic rejection was achieved by using four rhodium-coated mirrors operating at an incident angle of 2.3 mad. In the case of the titanium measurements, two additional silicon mirrors operating at 5 mrad incident angle were used.
The XANES spectra were normalized to the absorption coefficient at high energy (ß100 eV above the edge) to eliminate thickness dependence. The EXAFS signals were extracted following standard procedures [20] using the program ATHENA within the IFEEFIT package [21] . The quantitative EXAFS analyses were performed by using the VIPER program [22] and the phase and amplitude transferability method [23, 24] . The backscattering amplitude, phase, and photoelectron mean free path factors were obtained from the experimental EXAFS spectra of reference compounds; the cubic 10% mol YSZ (c-10) for the Zr and Y K-edges and Y 2 Ti 2 O 7 pyrochlore for the Ti K-edge. For the sake of completeness, the same class of analysis was made by using theoretical phases and amplitudes calculated by the FEFF-6 code [25] , and fits to the experimental data were carried out in R-space with the ARTEMIS program [21] . No difference was found in the results obtained by both methods. 
III. RESULTS AND DISCUSSION

A. X-ray diffraction
The quantitative analysis performed according to Eq. (1) gave the molar fractions of cubic and tetragonal phases for the different studied compositions (Table II) . The pyrochlore phase has not been considered for those quantitative analyses since peaks of that phase are not detected by XRD. The calculations gave 0.50 mol fraction of titania-doped YSZ solid solution and 0.50 mol fraction of titania-doped YTZP solid solution for the 10Ti8h sample and 0.51 mol fraction of Ti-YTZP and 0.49 mol fraction of the cubic phase for 15Ti2h sample. As can be seen in Table II , only these two compositions, 10Ti8h and 15Ti2h, are duplex materials. Therefore, we have focused hereafter on the characterization of both 10Ti8h and 15Ti2h samples.
The XRD patterns of both 10Ti8h and 15Ti2h samples after sintering at 1500°C for 8 and 2 h, respectively, are represented in Fig. 1 . Peaks corresponding to a titania-doped YSZ solid solution and peaks corresponding to a titania-doped YTZP solid solution are clearly observed for both samples (Fig. 1) . The peaks that correspond to the cubic phase are shifted down towards lower θ values with respect to the cubic zirconia pattern. Peaks that correspond to the tetragonal phase are also shifted with respect to the tetragonal zirconia patterns. For the latter phase, the diffraction peaks with Miller indices h Table III summarizes the lattice parameters, a c for the cubic solid solutions and a t and c t for the tetragonal solid solutions. In the first case, the lattice parameter a c decreases with increasing titania content. In the case of the tetragonal symmetry, the lattice parameter a t decreases and the lattice parameter c t increases with increasing titania content. In addition, the tetragonality is slightly higher for the sample with a higher titania content (15Ti2h).
B. Fourier transform-Raman studies
Raman spectra of both duplex materials are presented in Fig. 2 .
The Raman spectrum of 10Ti8h shows bands at 722, 649, 618, 458, 329, 274, and 150 cm −1 . The band at 618 cm −1 is characteristic for the cubic phase of ZrO 2 , while the bands at 649, 458, and 150 cm −1 can be assigned to tetragonal ZrO 2 [26] . A broad band, which appears at 722 cm −1 , cannot be assigned to either the tetragonal or the cubic phase of ZrO 2 . Literature data show, however, that a broad band above 700 cm −1 is often observed in materials containing RE 2 O 3 (RE = rare earth), ZrO 2 , and TiO 2 due to the presence of a disordered pyrochlore phase [27, 28] . Indeed, the high-frequency band has been observed in other Ti containing pyrochlores and has been interpreted in different ways [23, 27, [29] [30] [31] . Although, all studies agree that it is with no doubt related to disorder-activated oxygen vibration. For instance, for an ordered Y 2 Ti 2 O 7 pyrochlore, the strongest band is observed near 309 cm −1 , and three less intense bands are clearly seen at 609, 522, and 448 cm −1 [28] . When Zr 4+ ions are partially substituted for Ti 4+ ions, Raman bands become broader, and a new, very broad band appears above 700 cm −1 [28] . Moreover, the intensity of the 522 and 448 cm −1 bands decreases with increasing concentration of the Zr 4+ ions, and these bands disappear for Y 2 Ti 0.6 Zr 1.4 O 7 [28] . Based on the literature data, we assign the 722 and 329 cm −1 bands of 10Ti8h to disordered Y 2 Ti 2−y Zr y O 7 pyrochlore phase. Raman spectroscopy cannot provide information on concentration of this phase. We may only conclude that the concentration of this phase is small since the observed bands are significantly smaller than those related to ZrO 2 . Finally, our spectrum shows also the presence of a strong band at 274 cm −1 , and it is known that pure tetragonal ZrO 2 shows the presence of a relatively strong Raman band near 257 cm −1 [28] . We assign therefore our band at 274 cm
to the tetragonal phase, and the observed shift towards higher
FT-Raman spectra of 10Ti8h and 15Ti2h. The peak characteristics for cubic zirconia, tetragonal zirconia, and disordered pyrochlore phases are indicated by C, T, and P, respectively.
wavenumbers, when compared to pure ZrO 2 , can be attributed to the presence of Y 3+ and Ti 4+ ions in this phase. Raman spectrum of 15Ti2h shows bands at 734, 655, 623, 452, 326, 272, and 150 cm −1 . As can be noticed, the Raman spectrum of this sample is similar to the Raman spectrum of 10Ti8h, indicating that also this sample is composed of the two main cubic and tetragonal zirconia phases and the disordered pyrochlore minor one. However, the bands are shifted by a few reciprocal centimeters when compared to 10Ti2h due to the slightly different chemical composition. Closer inspection of the spectra also shows that the 734 cm −1 band of 15Ti2h is significantly more intense than the 722 cm −1 band of 10Ti8h. Stronger intensity can also be noticed for the 326 cm −1 band (due to this change the 326 and 272 cm −1 bands form one broad contour). The increase in intensity of these bands seems to suggest that the proportion of the pyrochlore phase increases with increasing concentration of TiO 2 in the sample. Former studies of Y 2 Ti 2−y Zr y O 7 pyrochlore showed that the band above 700 cm −1 exhibits a shift towards higher wavenumbers with increasing concentration of Zr 4+ ions [28] . Our spectra show that the band characteristic for the pyrochlore phase shifts from 722 cm −1 for 10Ti8h to 734 cm −1 for 15Ti2h. This result suggests higher concentration of Zr 4+ ions in the pyrochlore phase present in our 15Ti2h sample. However, our results do not allow us to make any definite conclusions on the chemical composition of the Y 2 Ti 2−y Zr y O 7 pyrochlore. We may only conclude that the position and shape of the 734 cm The formation of the pyrochlore phase can be explained due to the extremely low Gibbs free energy formation: −4593 kJ/mol at 1000°C and −4918 kJ/mol at 1500°C, using the function given by Schaedler et al. [18] .
C. Field-emission scanning electron microscopy-energy dispersive x-ray (FE-SEM-EDX) studies
A typical microstructure of the 10Ti8h duplex material sintered in air at 1500°C for 8 h, after polishing and thermal etching, is shown in Fig. 3(a) . A typical microstructure of the 15Ti2h duplex material sintered in air at 1500°C for 2 h, after polishing and thermal etching, is shown in Fig. 3(b) . Fully densified bodies were obtained after sintering and a bimodal grain size distribution is observed for both duplex materials. In addition, an increase in grain size is noted when titania content increases, since titania acts as a sintering aid [14, 16] Table IV ). The pyrochlore segregation can be observed on the surface of very few cubic grains for 10Ti8h (a). Meanwhile, for 15Ti2h, the pyrochlore is clearly observed on the surface of some cubic grains and also along some grain boundaries (b). Table IV ). In addition, traces of crystalline segregations onto the surface of very few cubic grains are observed in Fig. 3(a) , which according to the Raman studies discussed above could be attributed to the pyrochlore phase. Table IV ). Small crystalline segregations on the surface of some cubic grains and along some grain boundaries are also observed in Fig. 3(b) which, according to the Raman studies discussed above, could be attributed to the pyrochlore phase, as in the previous samples (69.0-70.0 wt.% ZrO 2 , 20.0-21.0 wt.% Y 2 O 3 , and 10.0 wt.% TiO 2 ). In this material, the pyrochlore phase content is more clearly observed, as was expected due to the higher amount of titanium oxide. Although, it is also a very small quantity as it can be observed in the picture. Tietz et al. [32] also detected a pyrochlore segregation for samples with the same titania content but with higher yttria content than the ones shown in this study. However, they observed the pyrochlore phase for samples sintered at lower temperatures (from 1200 to 1400°C). In this paper, the amount of the pyrochlore phase is very low since it is only detected by FT-Raman and FE-SEM-EDX.
If we compare the EDX analysis of each cubic and each tetragonal phase of the two duplex materials, we conclude that the compositions of each solid solution are different from each other as was expected since the nominal composition for the materials is different for each case (see Tables II and IV) .
D. X-ray absorption spectroscopy characterization
X-ray absorption spectroscopy studies have been performed at the Zr, Y, and Ti K-edges. Both XANES and EXAFS spectra have been recorded on the 2Y12T2h and 2Y12T120h tetragonal samples and on the 10Ti8h and 15Ti2h duplex samples. While 2Y12T2h is purely tetragonal, we cannot disregard a partial tetragonal-monoclinic transformation in the case of 2Y12T120h as it was subjected to a thermal treatment prior to the SEM studies. Thus, we have taken sample 2Y12T2h as our tetragonal reference. Previously recorded spectra [33] on commercial powders of 10% mol YSZ (Tosoh-Europe) and ZrO 2 (Alfa Aesar, Europe), hereafter labeled c-10 and C-Zr, were also used as references for the cubic and the monoclinic phases, respectively.
The main goal of the XAS studies is to determine the local structure around the Ti in the cubic phase. However, this phase is only present in conjunction with the tetragonal phase in the duplex material. As x-ray absorption spectroscopy is an average technique, the coordination environment of the absorbing atom, Ti, Zr, or Y, present in both phases will be probed simultaneously. In order to isolate the contributions coming only from those atoms in the cubic phase, we have proceeded as follows: (i) according to the characterization above, we know that the duplex materials contain a similar content of cubic and tetragonal phases, ß50% each. Thus, the XAS spectra (both XANES and EXAFS) can be described as XAS Duplex = 0.5 × XAS Tetra + 0.5 × XAS Cubic; (ii) we can use the measured spectrum of the 2Y12T2h sample as our XAS Tetra reference, and we can subtract it from the spectra of the duplex materials with the appropriate 50% weighting. After this procedure, the XANES and EXAFS spectra of the cubic phase in the duplex materials should be obtained.
We have verified the validity of our approach by testing the method for the cases of the Zr and Y absorption edges. In those cases, a direct comparison with similar compounds where the cubic phase exists can be performed, although those compounds do not contain titanium. Once we have demonstrated that the method works, we have used it to extract the spectra originated from the cubic phase for the two duplex materials for the titanium case. We have then analyzed these spectra to get the local geometry around the titanium atom.
Zr and Y K-edge XANES and EXAFS characterization
The comparison of the XANES spectra recorded at the Zr Kedge in all the studied samples is shown in Fig. 4(a) . Although the spectra are similar for all the measured compounds, significant differences can be observed for the different phases. In all the cases, the XANES spectra are characterized by a main peak or white line split into two components, B and C, at ß6.0 and 12.0 eV above the absorption edge, respectively (the zero of the energy scale is defined as the maximum of the first derivative of the 2Y12T2h XANES spectrum). However, it can be observed that the relative intensity of the two peaks is different for the two phases, as peak B becomes more intense in the cubic phase. Similarly, the energy position of the D and E structures shifts towards higher energies for the cubic phase. The latter results indicate the decrease of the first neighbors Zr-O interatomic distance upon a tetragonalto-cubic transformation, in agreement with previous results found for YSZ compounds [33] [34] [35] [36] [37] [38] . The variation of the B/C intensity ratio is also related to the different crystal structure. The Zr K-edge XANES spectra of three zirconia polymorphs [34] are shown in the inset of Fig. 4(a) . It can be seen that the shape and the relative intensity of the two-peak structure of the main absorption line are clearly different for both tetragonal and cubic phases. The comparison of our spectra with those shown in the inset supports that the signal extracted from the 
FIG. 4. (Color online) (a)
Comparison between the normalized Zr K-edge XANES spectra of the tetragonal 2Y12T2h sample and that of the duplex materials: 10Ti8h and 15Ti2h. The comparison also includes the XANES spectra corresponding to the cubic phase of the duplex materials (see text for details). The Zr K-edge XANES spectra of zirconia polymorphs is shown in the inset for comparison (from Ref. [34] ). (b) Comparison between the Zr K-edge k 3 -weighted EXAFS signal of the tetragonal 2Y12T2h sample, the cubic c-10 reference, and that of the cubic phase in the 10Ti8h and 15Ti2h duplex materials. duplex material following the procedure described above really corresponds to a cubic phase.
The validity of the aforesaid procedure to isolate the XAS spectra of the cubic phase in the duplex materials is also confirmed by the comparison of the EXAFS spectra. As shown in Fig. 4(b) , the Zr K-edge k 3 -weighted EXAFS signals of both tetragonal 2Y12T2h and cubic YZS c-10 samples show differences in the relative intensity of several spectral features, marked with arrows in Fig. 4(b) [33] [34] [35] [36] [37] . This comparison clearly shows the coincidence of the EXAFS spectra of both the cubic phase in the 10Ti8h and 15Ti2h duplex samples and of the cubic c-10 sample, which increases the level of confidence in the procedure we have followed.
A final confirmation of the reliability of the method used has been obtained by the fitting of the EXAFS signals (see Supplemental Material for details of the EXAFS analysis [39] ). Similar results probing the cubic versus tetragonal character of the samples have been found at the Y K-edge (see Fig. 5 ). As in the case of the Zr K-edge, the Y K-edge XANES spectra in Fig. 5(a) show differences for the tetragonal and the cubic phases, such as the intensity ratio of the two peaks of the main absorption line (A,B) and those of the broad spectral feature appearing at ß40 eV (C) and ß60 eV (D) above the absorption edge. A comparison of the XANES spectra clearly indicates that the signals extracted from the duplex materials correspond to a cubic phase. The same results are found in the inspection of the extracted EXAFS signals shown in Fig. 5(b) . As in the case of the Zr K-edge, the EXAFS analysis of the first coordination shell has been performed [39] . In both Zr and Y K-edge, the results are in agreement with previous reports showing the differences between the cubic and tetragonal phases.
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These results show that the signals extracted from the XAS spectra of the duplex materials by subtracting the correct amount corresponding to the tetragonal phase are those of a cubic phase. The validity of our procedure allows us to perform the same analysis at the Ti K-edge, aimed to determine the differences in the local structure of Ti in both cubic and tetragonal phases.
Ti K-edge XANES and EXAFS characterization
The XANES spectra recorded at the Ti K-edge on the studied samples are shown in Fig. 6 . The signals of the cubic phase, extracted from the spectra of the duplex materials following the procedure explained above, have also been included for comparison.
The visual inspection of the XANES spectra indicates that the local environment of the titanium atoms is different for the cubic and for the tetragonal phases. In addition, interesting differences are found in the intensity of the pre-edge peak observed in the XANES spectra at energies around 4970 eV. According to the literature, this peak should be very weak or absent in the case of a regular sixfold Ti-O arrangement, as occurring in the Y 2 Ti 2 O 7 pyrochlore reference compound (see inset in Fig. 6 ) [23] , while a very sharp feature should be present in the case of fivefold or tetrahedral structures [23, 40, 41] , with an expected intensity much higher than the observed ones in the systems under study. Indeed, the observed increase of the prepeak intensity in the duplex samples when comparing with the symmetric pyrochlore case is in agreement with the occurrence of a distorted Ti-O arrangement or with an offcenter displacement of the Ti atom within the octahedral TiO 6 local bonding unit [42, 43] . According to the XANES results reported in Fig. 6 , the maximum distortion should correspond to the tetragonal phase, and this distortion decreases in the cubic phase as indicated by the decrease of the prepeak intensity.
These results have been confirmed by the analysis of the EXAFS spectra. As shown in Fig. 7 , the EXAFS spectra also indicate that the local Ti-O environment is different for the cubic and for the tetragonal phases. This is further illustrated in Fig. 8 where the Fourier-filtered EXAFS signals corresponding to the next-neighboring Ti-O arrangement in all the studied compounds are compared to that of the reference Y 2 Ti 2 O 7 pyrochlore. As shown in Fig. 8 , the EXAFS signals extracted for the cubic phase in the duplex materials are similar to that of the Y 2 Ti 2 O 7 reference, showing a regular Ti-O arrangement, although the damping of these signals indicate the existence of an increased disorder in the cubic phases with respect to the pyrochlore.
These effects have been quantified by the fitting of the EXAFS signals that was performed in k-space only for the contribution of the first coordination shell. Thus, the EXAFS contribution of this shell was isolated by Fourier filtering in the range from 0.6 ࣘ R ࣘ 2.06Å. The difference on the local environments of the titanium atoms in the studied samples was assessed by analyzing the filtered EXAFS signals. The results of the fits are shown in Fig. 9 , and the best-fit parameters are summarized in Table V . For the EXAFS analysis, only two parameters were allowed to vary during the fitting procedure: the Ti-O interatomic distance, r Ti−O , and the Debye-Waller factor, σ 2 , relative to that of the reference sample. In the first instance, the interatomic distances were fixed equal to those of the reference sample, but they were then allowed to vary. An integer coordination number value was imposed during the fitting procedure for all the samples, except in the 094101-8 case of 10Ti8h, where a coordination number equal to 5.6 was used in one of the analysis trials (see Table V ). For the sake of completeness, the fits were performed on both k-and k 3 -weighted EXAFS signals.
The EXAFS analysis shows that, in the case of the 10Ti8h sample, there are no appreciable differences in the quality of the fits obtained by fixing the coordination number either to 6 or 5 and varying the Debye-Waller factors. Indeed, the best fit is obtained for an intermediate 5.6 coordination number. In contrast, in the case of the 15Ti2h sample, i.e. increasing the Ti content, the best fit is obtained for a N = 5 coordination number. However, this difference needs to be considered with caution as there is a strong correlation between the EXAFS coordination numbers and the Debye-Waller factors used to account for the disorder. Thus, the fact that the EXAFS amplitude of the cubic phase in the 10Ti8h sample is smaller than that of the cubic phase for the 15Ti2h sample can be explained as an increasing disorder of the Ti-O octahedral when increasing the titanium content. The same can be applied when comparing the amplitude of the EXAFS signals of the cubic phases of the duplex samples with the signals extracted from both the tetragonal phase and the Y 2 Ti 2 O 7 pyrochlore. As shown in Table V , the evolution of the Debye-Waller factors found in the fitting process agree with this view, being higher for the cubic phases than for the tetragonal one, although the latter is more distorted.
The combined XANES and EXAFS results indicate that starting from the strongly distorted sixfold coordination of Ti in the tetragonal phase (4 oxygen atoms at 1.88Å plus 2 oxygen atoms at 2.21Å), the Ti environment in the cubic phase evolves through a more regular structure with a single Ti-O interatomic distance (1.93Å for 15Ti2h and 1.95Å for 10Ti8h) close to this found in the case of pyrochlores or in both rutile and anatase structures (1.95-1.96Å). As the distortion decreases in the cubic phase with respect to the tetragonal one, the prepeak intensity decreases, and the first main-edge peak shifts to higher energies, in agreement with the EXAFS behavior.
E. ac electrical measurements: impedance spectroscopy measurements in air
Due to the duplex nature of the samples, there is an obvious difficulty in analyzing impedance data in terms of grain and grain boundary contributions. Consequently, preferential attention is given to the total conductivity of the different materials. The Arrhenius plot in Fig. 10 shows an increase of the total resistance of the materials for increasing titania content (15Ti2h versus 10Ti8h). For the sake of comparison, the total ionic conductivities of YSZ and YTZP are also shown. A conductivity drop of 5 times and 13.5 times at 1000°C (x = 0.79) is observed between YSZ and 10Ti8h and YSZ and 15Ti2h, respectively. This behavior cannot be accounted for in terms of a dilution effect. The substitution of Zr 4+ by Ti 4+ does not account for an increase of the ionic defects, as titanium is a tetravalent dopant. The concentration of oxygen vacancies is thus determined by the concentration of yttrium, that is 4 mol% of oxygen vacancies for YSZ, 3.6 mol% for 10Ti8h, and 3.4 mol% for 15Ti2h. This means that only a slight overall decrease in concentration of ionic defects should be noticed between undoped (YSZ) and duplex materials, as a consequence of a simple dilution effect. This alone cannot account for the values of conductivity drops reported in Fig. 10 for the duplex materials. In addition, YTZP material has an oxygen vacancy concentration of 1.5 mol%, and its total conductivity only drops 1 time with respect to YSZ at 1000°C.
The values of the total activation energy for YSZ and YTZP are 1.02 ± 0.01 eV and 0.87 ± 0.01 eV, respectively, while for the duplex samples those values are 0.89 ± 0.02 eV for 10Ti8h and 0.93 ± 0.03 eV for 15Ti2h. Thus, the activation energy for ionic migration in 10Ti8h and 15Ti2h is lower than that for YSZ but higher than that for YTZP. This is reasonable since both materials are constituted by 0.5 mol fraction of YSZ and 0.5 mol fraction of YTZP. An average activation energy value would be 0.95 ± 0.02 eV, close to the values obtained for the duplex materials.
These results, combined with the structural XAS characterization, provide a better understanding of the role of titania on the ionic transport properties of these zirconia-based solid solutions. X-ray absorption spectroscopy results, both XANES and EXAFS, confirm that Ti shows a sixfold coordination, i.e. clearly departing from the eightfold one expected for a simple substitution at the Zr sites. As a consequence, Ti can trap some oxygen vacancies [45] , which results in an overall decrease in the concentration of mobile oxygen vacancies, in agreement with the observed electrical conductivity decrease. Moreover, our results also indicate a higher disorder of the Ti-O arrangement in the cubic phase than for the tetragonal one, which is in agreement with the further reduction of the electrical conductivity observed in the duplex materials with respect to the undoped YSZ and undoped YTZP materials.
IV. CONCLUSIONS
The use of different processing strategies has allowed us to synthesize duplex materials in the ZrO 2 -Y 2 O 3 -TiO 2 ternary system. In addition to titania-doped YSZ solid solution and titania-doped YTZP solid solution, Y 2 (Ti 1−y Zr y ) 2 O 7 pyrochlore is present as a minor phase with y close or slightly smaller than 1, according to FT-Raman results. Fieldemission scanning electron microscopy images show this minor pyrochlore phase on the surface of very few cubic grains for 10Ti8h. Meanwhile, for 15Ti2h, the pyrochlore is on the surface of some cubic grains and also along some grain boundaries. This phase is more clearly observed in the case of the 15Ti2h duplex material, as expected due to the higher amount of titanium oxide.
The activation energy for ionic migration in 10Ti8h and 15Ti2h is lower than that for YSZ but higher than that for YTZP. This is not surprising since both materials are constituted by 0.5 mol fraction of YSZ and 0.5 mol fraction of YTZP, from which an average activation energy value of 0.95 ± 0.02 eV is expected. A total ionic conductivity drop of 5 and 13.5 times is observed between YSZ and the duplex materials 10Ti8h and 15Ti2h, respectively. This behavior cannot be accounted for in terms of a dilution effect, which points out to the role played by the local structure of Ti.
X-ray absorption spectroscopy results, both XANES and EXAFS, indicate that the local structural environment of Ti in both the cubic and tetragonal phases of the duplex materials corresponds to a sixfold Ti-O arrangement, departing from the eightfold coordination expected if a simple substitution at the Zr sites would take place. Starting from the strongly distorted sixfold coordination of Ti in the tetragonal phase, the Ti environment in the cubic phase evolves through a more regular structure with a single Ti-O interatomic distance, resembling that of pyrochlores or both rutile and anatase structures. Moreover, in the case of the cubic phase, these results also indicate that the Ti-O coordination polyhedron becomes more disordered as the Ti content increases. All in all, these results indicate that Ti ions would trap oxygen vacancies resulting in the overall decrease of the electrical conductivity in the titania-doped materials with respect to the undoped materials, in agreement with the electrical conductivity behavior.
